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The mitochondrial DNA haplogroups and hypervariable segment I (HVSI) sequences of 1,612 and 395 Native
North Americans, respectively, were analyzed to identify major prehistoric population events in North America.
Gene maps and spatial autocorrelation analyses suggest that populations with high frequencies of haplogroups A,
B, and X experienced prehistoric population expansions in the North, Southwest, and Great Lakes region, re-
spectively. Haplotype networks showing high levels of reticulation and high frequencies of nodal haplotypes support
these results. The haplotype networks suggest the existence of additional founding lineages within haplogroups B
and C; however, because of the hypervariability exhibited by the HVSI data set, similar haplotypes exhibited in
Asia and America could be due to convergence rather than common ancestry. The hypervariability and reticulation
preclude the use of estimates of genetic diversity within haplogroups to argue for the number of migrations to the
Americas.
Introduction
Studies of mtDNA diversity among Native Americans
have been used to hypothesize several different scenarios
for the initial peopling of the Americas (Torroni et al.
1992, 1993; Horai et al. 1993; Merriwether et al. 1995).
These studies have focused on identifying the source
population(s), the number of waves of migration, and
the time of entry of Native Americans into the New
World and have revealed that nearly all Native Ameri-
cans belong to one of five mtDNA haplogroups: A, B,
C, D, or X (Schurr et al. 1990; Forster et al. 1996). A
linguistically and geographically diverse set of Native
American populations contains all five of these haplo-
groups. This pattern of haplogroup distribution for A,
B, C, and D was demonstrated by Merriwether et al.
(1995) and Lorenz and Smith (1996), and for haplo-
group X it was demonstrated by Smith et al. (1999). All
of these haplogroups were shown to exhibit similar
amounts of genetic diversity (Bonatto and Salzano
1997a; Lorenz and Smith 1997) and have been identified
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in prehistoric Native North American samples (Parr et
al. 1996; Stone and Stoneking 1998; Carlyle et al. 2000;
O’Rourke et al. 2000; Kaestle and Smith 2001; Malhi
2001). Bonatto and Salzano (1997b) demonstrated that
Greenberg’s (1986) proposed Eskimo-Aleut, Na-Dene,
and Amerind linguistic groups (once considered to rep-
resent three different waves of migrants from Asia to
the Americas) all contain haplogroup A individuals who
display the nucleotide position (np) 16111 CrT tran-
sition that is not found in Asia (the exception being the
Chukchi, who gained it probably as a result of back
migration; see Forster et al. 1996 and Starikovskaya et
al. 1998), suggesting a single New World (Beringian)
origin for this mutation. These lines of evidence suggest
that North America was peopled by a single wave of
Asian migrants.
The source population(s) and time of entry of these
colonizers is still debated. Initially, the presence of hap-
logroups A, B, C, and D in Mongolian populations led
researchers to propose this area as the potential home-
land of Native Americans (Kolman et al. 1996; Mer-
riwether et al. 1996). Recently, this notion has been
strengthened by the discovery of haplogroup X (Der-
enko et al. 2001) and by the distribution of Y-chro-
mosome haplotypes 1C and 1F (Karafet et al. 1999) in
the Lake Baikal/Mongolia area. Archeological evidence
of human settlement of this region predates 20,000
years before present (BP) (Goebel 1999), well before
humans reached eastern Siberia (Goebel 1999). The
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presence of these haplogroups in ancient populations of
Northeast Asia would confirm this region as the home-
land of North American colonizers.
The timing of initial entry into the Americas is un-
certain. Through use of estimates of mtDNA diversity
and rates of mtDNA evolution, a broad range of dates
(11,000–43,000 years BP) have been estimated (Torroni
et al. 1994; Bonatto and Salzano 1997a; Lorenz and
Smith 1997; Stone and Stoneking 1998). Although re-
searchers have recognized the need to incorporate pop-
ulation history in their estimates, the wide range of dates
reported in the literature for the peopling of the Amer-
icas suggests that accurate models of Native American
population history, accurate models of the evolution of
mtDNA, and sufficient sampling of populations in the
Americas have not yet emerged. For example, a large
proportion of Native American linguistic diversity is
found within California, yet only a few California Na-
tive American tribes and individuals have been typed
for mtDNA markers (Lorenz and Smith 1996).
Several recent studies have examined mtDNAdiversity
withinNative Americans, to address their prehistory after
the initial colonization of the New World (Batista et al.
1995; Forster et al. 1996; Lorenz and Smith 1996; Kol-
man and Bermingham 1997; Lorenz and Smith 1997;
Kaestle and Smith 2001; Malhi et al. 2001). Multiple
migrations into the Americas should be characterized by
distinct sets of mtDNA haplotypes and should lead to
geographic substructure in their distribution and level
of diversity in the New World, reflecting the different
colonizations. Lorenz and Smith (1996) analyzed the
mtDNA haplogroup identities of nearly 500 Native
North Americans and demonstrated significant geo-
graphic variation in frequency distributions across North
America. In addition, Lorenz and Smith (1996) showed
that haplogroup-frequency distribution was correlated
with geography and, to a lesser degree, with language.
Although haplogroup-frequency distributions vary sig-
nificantly across North America, regional studies of
mtDNA diversity in modern populations of the North-
east (Malhi et al. 2001) and the Southwest (Malhi 2001)
have confirmed a pattern of regional continuity or sim-
ilarity of haplogroup-frequency distributions in these
geographic areas. Regional continuity of haplogroup fre-
quencies extends across linguistic boundaries as well as
geographic space. The interregional diversity exhibited
in modern populations of North America could reflect
regional differences in population histories and/or sep-
arate origins of the ancestors of populations in those
different geographic regions. However, the Southeast re-
gion of North America does not display regional simi-
larities in haplogroup-frequency distributions across geo-
graphic space or linguistic boundaries, probably owing
to large amounts of genetic drift caused by the relatively
intense and recent impact of European contact in this
once densely populated region (Weiss 2001).
Studies of ancient mtDNA diversity in North America
reveal that Native American haplogroup-frequency dis-
tributions usually exhibit temporal (as well as geo-
graphic) continuity (Carlyle et al. 2000; O’Rourke et al.
2000; Malhi 2001). However, Kaestle and Smith (2001)
demonstrated that ancient Western Great Basin popu-
lations are probably not closely related to modern pop-
ulations in the same region, presumably because of the
population spread of Numic speakers into the Great Ba-
sin from southern California ∼1,000 years BP (Bettinger
and Baumhoff 1982). Analyses of modern Native Amer-
ican mtDNA data have also supported the hypothesized
Southern Athapaskan (Torroni et al. 1992, 1993; Lorenz
and Smith 1996), Algonquian (Schultz et al. 2001), and
Iroquoian (Malhi et al. 2001) population movements.
These studies suggested that population movements and
gene flow were not negligible forces in North American
prehistory, and they complicate the interpretation of the
distribution and diversity of mtDNA in North America.
Studies of ancient and modern populations in north-
eastern and southwestern North America have demon-
strated that patterns of geographic similarity in haplo-
group-frequency distributions predate European contact
by as much as 1,500 years BP (Stone and Stoneking 1998;
Carlyle et al. 2000; O’Rourke et al. 2000; Malhi et al.
2001). However, prior to this time period, the region-
al patterns of haplogroup-frequency distributions are
uncertain.
Ward et al. (1991) demonstrated that the Nuu-Chah-
Nulth possess a level of mtDNA diversity similar to that
of a much larger regional and continental population,
suggesting an ancient and deep common ancestry for
members of this tribe. Torroni et al. (1993) similarly hy-
pothesized that tribalization of Native Americans oc-
curred early in prehistory. Torroni et al. (1993) concluded
that the high incidence of private mtDNA polymor-
phisms and the limited distribution of shared mtDNA
mutations in their data set support an early-tribalization
model for Native Americans. Lorenz and Smith (1996)
showed that intratribal genetic homogeneity is greater
than intraregion genetic homogeneity, for haplogroup-
frequency distributions inNorthAmerica, suggesting that
Native American populations experienced tribalization
early in prehistory. The purpose of the present study,
which uses the largest and most diverse set of samples
to date, is to analyze the structure and diversity within
the five Native American haplogroups and the distribu-
tion of haplogroup frequencies among Native North
American populations, to investigate major postcoloni-
zation events in North America, and to estimate the time
of tribalization of Native North American groups.
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Material and Methods
The haplogroup identities of 1,612 Native Americans
and the mtDNA sequence of the hypervariable segment
I (HVSI) region (nps 16,090–16,362) of 395 of these
individuals were analyzed. Populations from which hap-
logroup data were collected are reported in table A1 in
the Appendix.
Individuals whose mtDNAs did not belong to one of
the five Native American haplogroups were not included
in this analysis. Although it is possible that one or more
of these individuals possess previously undocumented
founding Native American mtDNA types, previous stud-
ies indicate that the frequency of “other” mtDNA types
is very low and that most—or all—of these result from
recent admixture (Torroni et al. 1993, 1994; Huoponen
et al. 1997; Smith et al. 1999). O’Rourke et al. (2000)
demonstrated that most modern Native American pop-
ulations surveyed to date display a pattern of regional
continuity in haplogroup-frequency distribution. These
patterns of haplogroup frequencies acrossNorthAmerica
suggest that a model of isolation by distance is appro-
priate for the analysis of such data. Using the Kriging
method in the ARC/INFO software package, we inter-
polated haplogroup frequencies among 36 groups from
across North America. Since the use of an interpolating
method introduces artificial spatial autocorrelation (So-
kal et al. 1999), only results that were also supported by
network analyses using haplotype data were interpreted.
Haplotype networks were constructed for each of the
five haplogroups, through use of three different meth-
ods. Median-joining and reduced median networks
were constructed using the NETWORK 2.0 program
(Bandelt et al. 1999), and polymorphic sites were
weighted on the basis of relative frequency of occur-
rence in our sample, to correct for mutational hotspots.
Haplotype networks were also constructed using the
statistical parsimony method in the TCS software pro-
gram (Clement et al. 2000). Haplotype networks for B,
C, D, and X were constructed in TCS through use of a
three-step criterion with a 95% CI. Because of the ex-
tremely high levels of reticulation observed with the
three-step criterion, the haplogroup A networkwas con-
structed using a two-step criterion with a 95% CI. The
approaches employed by the different network con-
struction methods are discussed by Posada and Crandall
(2001). We attempted to resolve reticulations by using
predictions from coalescent theory (see Posada and
Crandall 2001); however, methodologies for resolving
reticulations are invalid in cases in which haplotype
frequencies are strongly affected by sampling, such as
in the present study. As a result, we were unable to
confidently resolve most reticulations in our networks.
On the basis of the geographic origin of samples,
modern haplotypes were assigned to one of five geo-
graphic categories for comparison: Northwest, North-
east, Southwest, Southeast, and Arctic. Samples with a
geographic origin above 50 N latitude were assigned
to the Arctic category. All other samples were assigned
to a category based on their location relative to 35 N
latitude and 98 W longitude (see table A1 in the Ap-
pendix). Athapaskan-speaking individuals in the South-
west, whose mtDNA identity was assigned to haplo-
group A, were placed in the Northwest region category.
This follows the evidence that these haplotypes reached
the Southwest via a relatively recent migration (Torroni
et al. 1992, 1993; Lorenz and Smith 1996; Starikov-
skaya et al. 1998; Smith et al. 2000; Malhi 2001). Note
that ancient haplotypes were compiled from both North
and South America and were not assigned to a geo-
graphic region.
Two measures of molecular diversity were calculated
for the control region (CR) sequences as measures of
within haplogroup diversity. Nucleotide diversity (p)
was calculated as (Nei 1987)
k
ˆ p pdi j ij
!ip1 j i
pp ,
L
where L is the number of loci, pi and pj are the fre-
quencies of the ith and jth nucleotides, and dj is the
number of differences. The value of p is sensitive to
haplotype frequencies and, therefore, reflects relatively
recent events that influence diversity.
vS was calculated as (Watterson 1975)
S
v p ,n1s
1 i
ip1
where S is the number of segregating sites and n is the
sample size. vS is calculated independently of haplotype
frequencies and reflects much older influences on di-
versity among haplotypes than does p. All diversity cal-
culations were performed using the ARLEQUIN soft-
ware package (Schneider et al. 1997). Both estimates of
diversity were calculated using the number of individ-
uals as well as the number of haplotypes, to observe
the effect of sampling on these two measures in the
present study.
Results
Haplogroup-Frequency Distribution
Gene map interpolations (figs. 1A, 2A, 3A, 4A, and
5A) indicate that the frequency of haplogroup A is high-
est in Canada, the eastern United States, and central
Mexico, whereas the frequency of haplogroup B is high-
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Figure 1 A, Map of haplogroup A frequencies calculated using the Kriging interpolation method. B, Two-step haplotype network for
haplogroup A. The size of the circle is proportional to the frequency of that haplotype in the sample. Black circles represent hypothetical
haplotypes. Each line connecting two haplotypes represents a single mutation. Mutations are indicated as the last three digits of the nucleotide
position in HVSI. Dashed lines indicate possible reticulations.
est in the West and Midwest. Haplogroup C exhibits a
uniform frequency throughout North America, except
for a notable decrease in frequency in Alaska. Haplo-
group D follows a pattern opposite that of C: frequencies
are slightly higher in Alaska and lower in the remainder
of North America. Haplogroup X exhibits a higher fre-
quency around the Great Lakes and Greenland than in
the remainder of North America. The high frequency of
haplogroup X in Greenland is an artifact of the inter-
polating methodology, since no Native American sam-
ples typed from Greenland to date can be assigned to
haplogroup X (Lorenz and Smith 1996; Saillard et al.
2000). Overall, haplogroups A, B, and X exhibit strong
clines.
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Figure 2 A, Map of haplogroup B frequencies calculated using the Kriging interpolation method. B, Three-step haplotype network for
haplogroup B. For an explanation of the diagram, see figure 1.
Estimate of Molecular Diversity
Estimates of within-haplogroup diversity are given in
table 1. When the diversity of unique haplotypes only
is compared (an unweighted estimate), haplogroups A,
B, and C exhibit similar amounts of diversity for all
measures analyzed. The lower values of v found in hap-
logroups D and X are probably due to the smaller num-
ber of haplotypes used in the estimate of diversity—24
and 16, respectively. When diversity measures were
weighted by frequency of haplotypes, both measures of
diversity dropped. This decline was most noticeable in
the calculation of p within haplogroups B and D, which
appeared to have substantially lower diversity estimates
under this condition.
Haplotype Distribution
An average of 29.6% of mtDNA sequences (haplo-
types) are shared among Native American individuals
(table 2). Ancient haplotypes were included in this es-
timate, even though it is possible that they are direct
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Figure 3 A, Map of haplogroup C frequencies calculated using the Kriging interpolation method. B, Three-step haplotype network for
haplogroup C. For an explanation of the diagram, see figure 1.
ancestors of modern haplotypes. However, 64% of an-
cient haplotypes in our sample are unique and therefore
have left no known descendants. Of these shared hap-
lotypes, 40.3% are shared among geographically dis-
tant individuals, 30.8% are shared among individuals
within the same region, and 28.9% are private tribal
polymorphisms.
Figures 1B, 2B, 3B, 4B, and 5B illustrate the haplo-
type networks. Not surprisingly, internal nodes are gen-
erally more widely distributed geographically than ex-
ternal nodes, but there is no other consistent pattern
among the five haplotype networks. In many instances,
external haplotypes are clustered among individuals be-
longing to the same tribe or region, but some external
haplotypes do not follow this trend. The haplogroup C
network exhibits more isolation by distance than do the
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Figure 4 A, Map of haplogroup D frequencies calculated using the Kriging interpolation method. B, Three-step haplotype network for
haplogroup D. For an explanation of the diagram, see figure 1.
other networks, probably because of the lack of any
evidence of an expansion within that network. This net-
work also exhibits two central haplotypes, one with a
much higher frequency than the other. It is interesting
to note that a Northeast clade defined by a mutation at
np 16283 in that network stems from a haplotype (de-
fined by mutations at np 16311 and np 16189) whose
current distribution is limited to theNorthwest. The high
frequency of the haplotype defined by mutations at np
16311 and np 16189 is probably due to sampling, be-
cause this haplotype is predominantly found in one heav-
ily sampled tribe (Northern Paiute).
The haplogroup A network is marked by numerous
reticulations and a significantly lower number of inter-
mediate hypothetical haplotypes. As demonstrated by
Malhi (2001), the haplogroup B network contains three
main haplotypes, all of which are shared among two or
more geographic regions. In addition to the founding
haplotype defined by Forster et al. (1996), one of the
main haplotypes is defined by a mutation at np 16111,
and the other haplotype is defined by a mutation at np
16261. A large number of individuals in the haplogroup
D network were assigned to the basal haplotype. Inter-
estingly, this network exhibits two haplotypes, found
among ancient individuals, that are internal to a modern
Southeast haplotype, but most ancient haplotypes are
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Figure 5 A, Map of haplogroup X frequencies calculated using the Kriging interpolation method. B, Three-step haplotype network for
haplogroup X. For an explanation of the diagram, see figure 1.
terminal and might be extinct. The haplogroup X net-
work exhibits haplotypes from four of the five geo-
graphic regions, but Algonquian-speaking individuals
predominate in the network. The extent to which sam-
pling contributes to this pattern is not clear.
In the present study, 36% of haplotypes from ancient
samples are shared with modern Native Americans. If
they are not shared, most ancient haplotypes clusterwith
the modern haplotypes, suggesting that European con-
tact did not cause a significant change in haplotype struc-
ture in most regions of North America. In the Southeast,
however, four different ancient haplotypes of haplo-
group D form intermediate nodes that connect highly
divergent modern external haplotypes with internal hap-
lotypes found in ancient Native Americans. This suggests
that, unlike other regions of North America, the South-
east experienced a high percentage of haplotype extinc-
tions. This pattern is consistent with the random distri-
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Table 1
Diversity Estimates
Haplogroup N p vS
Sequence
Divergencea
Unweighted:
X 16 .183 5.123 1.201
A 60 .079 9.650 1.341
B 47 .071 10.415 1.252
C 45 .088 9.834 1.397
D 24 .089 8.569 1.201
Weighted:
X 46 .143 3.868 .935
A 83 .072 9.018 1.215
B 80 .052 9.287 .910
C 75 .067 8.797 1.067
D 54 .048 7.242 .661
NOTE.—Ancient haplotypes are not included in the estimates.
a Based on 290 base pairs.
bution of haplogroup frequencies among closely related
populations from the Southeast, which may indicate a
recent bottleneck as a result of European contact (Weiss
2001).
Discussion
Hypervariable Sites and the Control Region
Analysis of the median joining, reduced median, and
statistical parsimony networks for the 290-bp segment
of HVSI revealed significant reticulation in all haplo-
groups that was not readily resolved using a coalescence
method. Although the future discovery of new haplo-
types might resolve some of these reticulations, the high
degree of reticulation could be the result of the hyper-
variable nature of this region, since a number of sites
have previously been reported to be hypermutable (Has-
egawa et al. 1993; Wakeley 1993; Excoffier and Young
1999; Meyer et al. 1999; Gurven 2000; Sigurðardo´ttir
et al. 2000; Stoneking 2000). Many sites appear to have
mutated in multiple haplogroups; for example, the hap-
lotype networks for haplogroups A and B both exhibit
mutations at np 16111, np 16129, and np 16189. How-
ever, hypervariability need not be implicated in all in-
stances of multiple hits at a nucleotide position. In the
most conservative assessment of mutational positions,
where mutations are distributed entirely at random
throughout the 290-bp region, the probability that each
mutational site among n such sequences is unique is
; with 21 variable positions amongn290 Permut n/(290 )
the 290 bases analyzed, the probability of 1 position
having mutated more than once is 150%, even if all sites
are equally likely to change. Since haplotypes within
haplogroups A, B, C, and D exhibited 45, 45, 43, and
27 polymorphic sites, respectively, the occurrence of the
same mutational position in different haplogroups is not
unlikely, especially in the case of the three mutations
cited above that are shared by members of haplogroups
A and B. Likewise, some reticulation within a haplotype
network, caused by a second occurrence of the same
mutation within a separate sublineage, should be ex-
pected even in the complete absence of any hypervariable
sites. Only within the network for haplogroup X was
there a !50% chance that a single mutated position
would occur in separate haplotypes without any hyper-
variable sites. Even in this instance, where the haplo-
group exhibited 17 variable positions with equal prob-
ability of mutating, there is only a 62% chance that a
mutation has occurred in only one lineage.
The high rate of population growth of the migrants
who colonized the Americas and of their descendants
might be responsible for the high number of reticula-
tions exhibited by Native American haplotype net-
works. Higher rates of reticulation and obscured an-
cestry will be observed in haplogroups that have
experienced population expansions, since the potential
for obscuring ancient ancestry increases with the in-
creased numbers of mutational events experienced in
a population expansion. Therefore, haplogroups C and
D, which showed less reticulation in all haplotype net-
works generated, should be more reliable for recon-
structing distant shared ancestry among maternal line-
ages in North America than haplogroups A, B, and X.
Paleo-Archaic Population History
Multiple lines of evidence (discussed in the Introduc-
tion) suggest that Native Americans descend from mi-
grants of a single source population that colonized the
Americas in a single wave. Under the assumption of a
single migration and source population for colonizers of
the Americas, the Northeast clade that is defined by a
mutation at np 16283 and that stems from the North-
west clade in the haplogroup C network suggests a west-
to-east migration of Native Americans during prehistoric
times. The large amount of variation in the distribution
of haplogroup frequencies among geographic regions
suggests that early colonizers spread across the continent
in small bands that were strongly affected by genetic
drift. Nevertheless, the fact that 40% of shared haplo-
types among Native Americans from North America are
shared among geographically distant individuals sug-
gests that the early inhabitants of this region experienced
substantial amounts of gene flow.
Long-distance migration cannot explain the distri-
bution of shared haplotypes, because many haplotypes
are shared by geographically distant individuals who
speak unrelated languages, unlike the pattern usually
observed in genetic analysis of prehistoric migrations
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Table 2
Distribution of Haplotypes within a Haplogroup
HAPLOGROUP (N)
PERCENTAGE
Ancient Shared
with Moderna
Basal
Haplotype
Shared
Haplotypes
Component of Shared Haplotypesb
Tribal Shared
Polymorphisms
Distant Shared
Polymorphisms
A (70) 38.46 7.22 24.29 17.65 35.29
B (56) 66.67 20.21 21.43 33.33 33.33
C (51) 45.45 16.67 23.53 25.00 50.00
D (35) 28.57 36.51 20.00 28.57 42.86
X (17) 1.00 3.51 58.82 40.00 40.00
Average 36.03 16.82 29.61 28.91 40.30
SD 24.06 12.93 16.41 8.44 6.60
a Indicates the percentage of nonunique ancient haplotypes.
b Includes ancient and modern samples.
(Lorenz and Smith 1996; Kaestle and Smith 2001;Malhi
et al. 2001). It is possible that tribalization followed by
a significant reduction of gene flow occurred very early
in North American prehistory and that the high per-
centage of shared distant haplotypes is due to conver-
gence caused by the high rate of mutation in the HVSI
region. Alternatively, early Native American populations
might have dispersed into small bands that were suffi-
ciently mobile to maintain significant levels of gene flow
while being small enough to be strongly affected by ge-
netic drift. The Multiregional Continuity hypothesis for
the spread of Homo sapiens sapiens worldwide employs
this model to explain the maintenance of regional genetic
diversity within a single lineage experiencing rapid pop-
ulation expansion (Templeton, in press). This scenario
fits well with the interpretation of the early archeological
record of North America that portrays the continent’s
earliest inhabitants as highly mobile big-game hunt-
ers who used a fluted-tip technology to follow game
throughout a large home range (Kelly and Todd 1988).
After the onset of the Archaic period, prehistoric Na-
tive North Americans in different regions began to spe-
cialize and intensify methods to procure local resources,
at different time periods. For example, the trend toward
resource specialization occurs in the Northwest, where
large coastal shell mounds, large fishing sites, and pit-
houses on the Columbia River appeared ∼6,000 years
BP. In other regions of North America, such as the South-
west, intensification of resource utilization resulted in
the development of agriculture ∼3,500–1,500 years BP
(Fagan 2000). The appearance of resource intensification
in the archeological record probably reflects a time of
increased population growth rates in a region. Intensi-
fication allowed hunter-gatherer groups to becomemuch
more sedentary than their ancestors. The resulting in-
crease in population size reduced the influence of genetic
drift within a group while also focusing gene flow in
local groups within the same geographic region. There-
fore, the time period of intensification probably marks
the beginnings of the pattern of strong regional conti-
nuity observed in haplogroup-frequency distributions in
Native North Americans today.
Although the unweighted haplotype diversity estimates
for the five Native American haplogroups are similar, the
haplogroup-frequency maps and the structure of diversity
within the haplotype networks suggest that the fiveNative
American haplogroups experienced significantly different
population histories after the colonization of the Ameri-
cas. Specifically, North American populations in regions
with high frequencies of haplogroups A, B, and X, re-
spectively, all appear to have undergone population ex-
pansions, whereas regions containing populations with
high frequencies of haplogroups C and D exhibit little or
no evidence of population expansions. The clinal distri-
bution of haplogroup A in North America suggests that
populations with high frequencies of this haplogroup ex-
perienced a population expansion in the northern regions
of North America. The haplogroup A network supports
this trend, by exhibiting a large amount of structure and
a much higher frequency of nonbasal haplotypes in the
north than in the south. In addition, all haplotypes that
were too divergent to fit in a two-step clade were found
in “Amerindian-speaking” individuals from the northern
regions of North America, suggesting that the greatest
amount of diversity occurs in the northern area. Stari-
kovskaya et al. (1998) demonstrated that this expansion
occurred in a clade of haplogroup A defined by np
16192T, and Shields et al. (1993) and Forster et al. (1996)
reported that populations located in the northern regions
of North America (Na-Dene and Eskimo speakers) con-
tain about half the total extant diversity within haplo-
group A in North America. Thus, this expansion led to
the replacement of older non-A native haplotypes in the
north.
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The gene map suggests that haplogroup B experienced
an expansion in the southwestern region of North Amer-
ica. This expansion broadened the distribution and in-
creased the frequency of the haplogroup B clade, par-
ticularly one subclade of B in the Southwest. Defined by
a TrC mutation at np 16261 (Malhi 2001), this sub-
clade comprises 82% of haplogroup B mtDNA in North
America. The high values of vS for haplogroups B and
C, which predominate in the Southwest (Malhi 2001),
also suggest an early population expansion in this re-
gion. There is archeological evidence of a population
expansion in the Southwest during early Holocene times.
The oldest Clovis-associated dates, ∼11,550 radiocar-
bon years BP (rcbp) (13,400 years BP), come from Texas
(the Aubrey site; Fiedel 1999) and Clovis sites that sub-
sequently appear throughout North America and that
undergo a stylistic transition in Central America into
Fell’s Cave fishtail points. These fishtail-type points are
then carried throughout South America, reaching Tierra
del Fuego 11,000 rcbp (Fiedel 1999).
Additional evidence of an early population expansion
in the Southwest is provided by Fisher et al. (2001),
whose phylogenetic analysis of microsatellite data dem-
onstrated that the common ancestor for all variants of
Valley Fever (Coccidioides immitis) in South America is
located in the American Southwest. They suggest that
Valley Fever spread from the American Southwest to
Central and South America, some time before 9,000
years BP, as a commensal of humans. A much later pop-
ulation expansion associated with the development and
use of agriculture in the Southwest, ∼3,500–1,500 years
BP (Fagan 2000), probably contributed the remainder
of the variation in this clade of haplogroup B.
Our sample of haplogroup X consists of a large per-
centage of shared haplotypes among tribes speaking
Chippewa/Ojibwa languages and dialects. The haplo-
group X network and distribution of haplogroup fre-
quencies suggest that populations with relatively high
frequencies of haplogroup X experienced an expansion
in the Great Lakes region. This expansion, which gen-
erated a value of vS only half that for haplogroup B,
must have occurred much more recently in prehistory
than the expansion of haplogroup B. Archeological, lin-
guistic, and genetic evidence all strongly support the ex-
pansion of Algonquian-speakers from the Great Lakes
region, ∼2,500–3,000 years BP (Denny 1991; Malhi et
al. 2001). Ancient-DNA studies of prehistoric popula-
tions from the Great Lakes region demonstrated that
this Algonquian expansion probably occurred 700–
3,000 years BP (Schultz et al. 2001).
Although the marked variation among haplogroups
in the weighted estimates of p could be interpreted as
evidence for multiple waves of colonization, these esti-
mates are highly sensitive to sampling error. Specifically,
a high percentage of the haplogroup B sequences is lim-
ited to the Southwest region, and many of these are basal
sequences. Although this could arise from a more recent
entry into the Southwest, as some have argued (Torroni
et al. 1992), a recent re-expansion in this region could
also result in an overrepresentation of basal lineages in
the weighted sample. Indeed, under this condition, p
would not reflect the diversity accumulated since colo-
nization from Asia but rather a recent expansion re-
sulting from the introduction of agriculture to this region
within the last few thousand years. Values for vS, a sta-
tistic that reflects long-term diversity, were much more
similar among haplogroups (with the single exception
of haplogroup X, where sampling is biased in favor of
Algonquian-speaking populations) than were values of
p, lending support to the position that the five hap-
logroups have roughly the same level of accumulated
diversity.
Additional Founding Haplotypes
Since individuals with haplotype B exhibiting the np
16261C mutation are also found in Mongolia (Kolman
et al. 1996), south central China (Yao et al. 2000), South
America (Ward et al. 1996) and western North America,
this haplotype might be an additional founding haplotype
of the Americas. However most of these haplotypes are
restricted to the Southwest, with only a single individual
exhibiting this mutation in the Northwest in North Amer-
ica. The limited geographic distribution of haplotype B
with the np 16261C mutation suggests that similarities
between this haplotype in Asia and America might result
from convergence. The haplogroup B network also in-
cludes many geographically diverse samples exhibiting a
mutation at np 16111C, which is also found in haplo-
group B individuals in south central China (Yao et al.
2000). However, since np 16111 is generally regarded as
a hypervariable site in Native American populations, we
cannot currently demonstrate that haplotype B with the
np 16111Cmutation is an additional founding haplotype.
The co-occurrence of this haplotype in Asia and theAmer-
icas might also be due to convergence.
Members of haplogroup C who exhibit the np 16325C
mutation are found in both Asia (Torroni et al. 1993)
and the Americas, with members in the latter area being
widely distributed throughout many regions of North
America. However, since the mutation at np 16325, like
that at np 16111, might also be hypervariable, we cannot
confidently regard haplotype C with the np 16325C mu-
tation as a founding haplotype; its presence in both Asia
and the Americas could result either from a migration of
a single typewith np 16325T and subsequent independent
CrT transitions in both the New and Old World or from
the migration of two founding lineages, one with and one
without the mutation at np 16325.
Brown et al. (1998) demonstrated that Europeans as-
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signed to haplogroup X lack a mutation at np 16213 in
the HVSI that all Native Americans exhibit. However,
the larger sample size of individuals assigned to haplo-
group X in the present study reveals that a substantial
number of Native Americans in multiple geographic
regions also lack the np 16213G mutation and therefore
have haplotypes identical to those of European (Brown
et al. 1998) and Asian (Derenko et al. 2001) members
of haplogroup X. A central X haplotype is shared among
Native Americans in the Northwest and Northeast, sug-
gesting that this haplotype might be the founding X hap-
lotype in eastern North America. Smith et al. (1999)
demonstrated that haplogroup X is present in a more
linguistically diverse population in the Northwest,
whereas in the Northeast this haplogroup is mainly lim-
ited to Algonquian speakers. This is consistent with the
hypothesis that haplogroup X was first introduced to
the eastern part of North America by Algonquians em-
igrating from northwestern North America (Malhi et al.
2001; Schultz et al. 2001).
The present study raises doubt about interpretations
of previously reported evidence for the number of mi-
grations to the Americas. If substantiated, the presence
of additional founding haplotypes within haplogroups
B and C in the New World would significantly reduce
previous estimates of diversity accumulated since colo-
nization within these haplogroups. Many researchers
(Bonatto and Salzano 1997a; Lorenz and Smith 1997;
Brown et al. 1998; Stone and Stoneking 1998) have in-
terpreted similar estimates among at least four of the
five Native American haplogroups as evidence that all
haplogroups entered the Americas at the same time. In
contrast, Torroni et al. (1994) employed exhaustive re-
striction analysis to argue that the lower diversity within
haplogroup B suggests a later migration of this haplo-
group to the New World. These estimates rely, at least
in part, on knowing the level of diversity of haplotypes
at the time of initial colonization. If multiple haplotypes
within a haplogroup were successful colonizers of the
New World, modern values of within-haplogroup di-
versity would overestimate the accumulated variation
since contact.
In addition, the HVSI portion of the control region
used to create estimates of genetic diversity inmany stud-
ies exhibits a high percentage of polymorphic sites, sug-
gesting that the entire region itself is hypervariable. If
so, many nucleotide sites will experience multiple hits,
resulting in back mutations, and certain mutational sites
will mutate independently in separate lineages. Com-
parisons of mutational sites between haplogroups and
of mutational sites within haplotype networks strongly
suggest that both events have occurred. The level of di-
versity that accumulates after this saturation point has
been reached will result in a nonlinear accumulation of
mutations within a haplogroup, thereby further impair-
ing the utility of molecular diversity for the dating of
the colonization event. Diversity estimates are also
strongly affected by both sampling and population his-
toric and demographic events that have occurred since
colonization. Previously reported lower diversity esti-
mates for haplogroup B may well be a result of the more
recent expansion of this haplogroup within the South-
west, an area that has been well represented—and some-
times overrepresented—in many studies of Native Amer-
ican mtDNA diversity. The lower levels of diversity
within haplogroup B might actually be reflecting this
expansion rather than an earlier colonization of the
Americas. In this light, we believe that the wide distri-
bution of haplogroups throughout North America is
strong evidence for a single entry from Asia.
The high rate of mutation of HVSI suggests that con-
trol region data are useful for identifying diagnostic mu-
tations that are specific to a tribe. However, older mu-
tations that are potentially regionally specific or shared
among all Native Americans are obscured by the high
frequency of multiple hits at nucleotide positions in this
region. Therefore, we are unable to distinguish whether
shared mutations among geographically distant individ-
uals are due to prehistoric Native Americans existing as
one population with little substructure for an extended
period of time prior to intensification of resource utili-
zation during Archaic times or, alternatively, due to con-
vergence. Analysis of polymorphic sites in a less mutable
region of the mitochondrial genome, such as a coding
region, in addition to the sites in the control region,
might help resolve some of the reticulations in Native
American haplotype networks, as was done with Eu-
ropean haplotype networks (Finnila and Majamaa
2001). This would allow us to better date the time of
tribalization of prehistoric Native American groups and
to identify additional founding haplotypes.
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Appendix
Table A1
Populations from Which Haplogroup Data Were Collected
Population Sample Size Geographic Location Reference for RFLP Data
Navajo 64 Southwest/haplogroup A: Northwest Malhi 2001
Northern Paiute 98 Northwest Kaestle and Smith 2001
Cheyenne/Arapaho 35 Northeast Malhi et al. 2001
Washo 38 Northwest Lorenz and Smith 1996
Yokut 17 Southwest Lorenz and Smith 1996
Havasupai 18 Southwest Lorenz and Smith 1996
Quechan 23 Southwest Lorenz and Smith 1996
Kumeyaay 16 Southwest Lorenz and Smith 1996
Apache 38 Southwest/haplogroup A: Northwest Malhi 2001
Pima 43 Southwest Malhi 2001
Hopi 4 Southwest Lorenz and Smith 1996
Sioux 45 Northeast Malhi 2001
Mohawk 123 Northeast Merriwether and Ferrell 1996
Ojibwa 33 Northeast Scozzari et al. 1997
T.M. Chippewa 28 Northeast Malhi et al. 2001
Pawnee 5 Southeast Malhi et al. 2001
Stillwell Cherokee 37 Southeast Malhi et al. 2001
Zuni 26 Southwest Malhi et al. 2001
Jemez 36 Southwest Malhi 2001
Eskimo 115 Arctic Merriwether et al. 1995
Aleut 72 Arctic Merriwether et al. 1995
Creek 35 Southeast Weiss 2001
Choctaw 27 Southeast Weiss 2001
Yakima 42 Northeast Shields et al. 1993
Micmac 6 Northeast Malhi et al. 2001
Northern Hokan 6 Northwest Lorenz and Smith 1996
Dogrib 42 Arctic Merriwether et al. 1995
Bella Coola 36 Northwest Lorenz and Smith 1996
Wishram 20 Northwest Malhi 2001
CA Uto-Aztecan 14 Southwest Lorenz and Smith 1996
Kiliwa 7 Southwest Malhi 2001
North Central Mexico 199 Southwest Green et al. 2000
Seminole 35 Southeast Huoponen et al. 1997
Greenland Eskimo 82 Arctic Saillard et al. 2000
Chumash 21 Southwest Lorenz and Smith 1996
Nahua 31 Southwest Malhi 2001
NOTE.—Modern HVSI sequence data were obtained from Ward et al. (1991, 1993), Torroni et al. (1992,
1993), Shields et al. (1993), Lorenz and Smith (1997), Kaestle (1998), Malhi et al. (2001), Weiss (2001), and
J.G.L. (unpublished data). Ancient HVSI sequence data were taken from Lalueza-Fox (1996), Ribieros dos Santos
et al. (1996), Kaestle (1998), Stone and Stoneking (1998), and Malhi (2001).
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